1. Introduction
===============

Human saliva exhibits significant activity of many detoxifying enzymes, including aldehyde dehydrogenase (ALDH, E.C.1.2.1.3, cf. [Scheme 1](#molecules-14-02363-f005){ref-type="scheme"}), which presumably protects the organism from various aldehydes contained in food either as natural ingredients or as contaminants \[[@B1-molecules-14-02363],[@B2-molecules-14-02363],[@B3-molecules-14-02363],[@B4-molecules-14-02363]\]. Salivary aldehyde dehydrogenase probably consists of one isozyme, classified as ALDH3A1 \[[@B4-molecules-14-02363],[@B5-molecules-14-02363]\], virtually inactive toward acetaldehyde, but active toward aromatic and long aliphatic aldehydes, including the most toxic 4-hydroxy-2-nonenal \[[@B5-molecules-14-02363],[@B6-molecules-14-02363],[@B7-molecules-14-02363],[@B8-molecules-14-02363]\], formed during the process of lipid autooxidation. This dimeric isozyme is selectively expressed in various human organs, the highest activities found in eye cornea, stomach and lungs \[[@B9-molecules-14-02363]\]. Occasionally, it undergoes overexpression in neoplastic tissues \[[@B5-molecules-14-02363],[@B10-molecules-14-02363]\], leading to increased resistance to oxazaphosphorine chemotherapy \[[@B11-molecules-14-02363]\]. Still another ALDH isozyme, known as ALDH6 or ALDH1A3, which is tetrameric, has been found in the salivary glands \[[@B12-molecules-14-02363],[@B13-molecules-14-02363]\], but its participation in the salivary ALDH activity remains uncertain.

Substrate specificity of the recombinant human ALDH3A1 has been previously studied by Pappa *et al*. \[[@B14-molecules-14-02363]\], who indicated benzaldehyde as the best substrate (in terms of V~max~), and saturated aliphatic aldehydes as exhibiting the highest V~max~/K~m~ values, due to very low K~m~. However, no aromatic aldehydes, except for benzaldehyde, were examined.

We have previously shown that some highly fluorogenic aromatic aldehydes, particularly substituted 2-naphthaldehydes, are excellent substrates for salivary ALDH \[[@B15-molecules-14-02363],[@B16-molecules-14-02363]\], allowing sensitive fluorimetric detection of its activity, applicable for population studies \[[@B17-molecules-14-02363],[@B18-molecules-14-02363]\]. These investigations are important due to known variability of the salivary ALDH activity \[[@B18-molecules-14-02363]\], and may be useful for food safety and nutrition research. We presently compare salivary ALDH activity towards a series of aromatic aldehydes ([Scheme 1](#molecules-14-02363-f005){ref-type="scheme"}), including those known as food components, with that of the recombinant ALDH3A1 enzyme, with the aim of identifying isozyme(s) responsible for the salivary activity and to further characterize their substrate preferences.

An additional goal of this work was to check the validity and specificity of the naphthaldehyde-based fluorimetric assay of the ALDH activity \[[@B15-molecules-14-02363]\], in particular with a view to application in human saliva studies. We here address two questions, related to saliva reaction with the naphthaldehydes: (a) are there any other fluorescent products of the reaction except the carboxylates; and (b), do the reaction kinetics agree with that of the purified ALDH3A1.

![Enzymatic oxidation of aryl aldehydes, catalyzed by ALDH.](molecules-14-02363-g005){#molecules-14-02363-f005}

2. Results and Discussion
=========================

2.1. Salivary ALDH activity -- apparent kinetics and product analysis
---------------------------------------------------------------------

As shown previously, human saliva is able to oxidize a variety of aromatic aldehydes, like benzaldehyde, and various naphthaldehyde derivatives \[[@B16-molecules-14-02363]\], and this activity has been ascribed to a dimeric ALDH3A1 isozyme \[[@B1-molecules-14-02363],[@B5-molecules-14-02363]\]. The aromatic substrates, particularly highly fluorogenic 2-naphthaldehydes, like 6-methoxy-2-naphthaldehyde (MONAL) and 6-dimethylamino-2-naphthaldehyde (DANAL), have been previously reported as excellent salivary ALDH substrates \[[@B15-molecules-14-02363],[@B16-molecules-14-02363]\]. Their oxidation was characterized by submicromolar or low micromolar apparent K~m~ values \[[@B16-molecules-14-02363]\], and high catalytic constants, comparable to that of benzaldehyde (see [Table 1](#molecules-14-02363-t001){ref-type="table"}). In contrast, 1-naphthaldehydes were almost completely inactive \[[@B16-molecules-14-02363]\], although they occasionally reacted chemically with saliva. Benzaldehyde and its derivatives are also good substrates for salivary ALDH, and their oxidation can be followed using the increase of the NADH fluorescence at 460 nm. Using this method, we have found that both anisaldehyde (4-methoxybenzaldehyde) and cinnamic aldehyde (trans-3-phenylacrylaldehyde) are excellent substrates for salivary ALDH (see [Table 1](#molecules-14-02363-t001){ref-type="table"}), with the latter compound exhibiting a catalytic constant (k~cat~) almost twice as large as that for benzaldehyde.

To cross-check the validity of the foregoing results, obtained using fluorimetric method with crude, diluted saliva \[[@B13-molecules-14-02363],[@B15-molecules-14-02363]\], we analyzed products of MONAL transformation by saliva samples in the presence of 100 μM NAD^+^ using HPLC with fluorimetric detection. A typical HPLC profile of the reaction mixture after 5-20 min of reaction at 25°C, recorded using a fluorescence detector, is presented in [Figure 1](#molecules-14-02363-f001){ref-type="fig"}. It is evident that the carboxylate is the only fluorescent product of this reaction and its concentration linearly depends on reaction time, thus supporting our previous kinetic analysis. Further support comes from comparison of the kinetic parameters obtained for reactions catalyzed by salivary ALDH and purified recombinant ALDH3A1 (see next section).

![HPLC elution profiles for oxidation of aromatic aldehydes with salivary ALDH, recorded with fluorimetric detector at 360 nm, with excitation at 315 nm. Reaction time was 5 (lowest curve), 10, 15 and 20 minutes (\-\-\--).](molecules-14-02363-g001){#molecules-14-02363-f001}

2.2. Kinetic properties of ALDH3A1 towards aromatic aldehydes -- comparison with salivary ALDH
----------------------------------------------------------------------------------------------

The kinetic oxidation parameters of several aldehydes by the recombinant ALDH3A1 have been determined using fluorimetric and/or spectrophotometric methods. The purified enzyme has been found active towards a series of *para*-substituted benzaldehydes and 2-naphthaldehydes, but was virtually inactive towards substituted 1-naphthaldehydes. Comparison of kinetic parameters estimated for the recombinant enzyme and salivary ALDH is shown in [Table 1](#molecules-14-02363-t001){ref-type="table"}.

The most interesting are the submicromolar K~m~ values for enzymatic oxidation of 2-naphthaldehyde and MONAL. Such low K~m~ values, previously reported for the same, and isomeric naphthaldehydes oxidized by ALDH1A1 from the erythrocytes and human liver \[[@B19-molecules-14-02363]\], and recently for oxidation of pyrene aldehydes with ALDH3A1 \[[@B20-molecules-14-02363]\], are hardly measurable using standard spectrophotometric procedures, but may be estimated from reaction progress curves with variable initial concentration of the substrate (cf. [Figure 2](#molecules-14-02363-f002){ref-type="fig"} and [Figure 3](#molecules-14-02363-f003){ref-type="fig"}), thanks to highly fluorogenic behaviour of the naphthaldehydes \[[@B15-molecules-14-02363]\].

It is evident that aromatic aldehydes, particularly those with extended aromatic systems and/or electron donating substituents, bind tightly to the enzyme and are effectively oxidized. The best substrates are cinnamic aldehyde, with a V~max~ twice as large as that for benzaldehyde, and 2-naphthaldehyde, exhibiting the highest V~max~/K~m~. There is considerable selectivity in substrate geometry, since various substituted 1-naphthaldehydes are not oxidized, and 1-naphthaldehyde is oxidized very slowly ([Table 1](#molecules-14-02363-t001){ref-type="table"}), undoubtedly due to steric factors within the binding site. By contrast, long aliphatic unsaturated aldehydes, like *trans*-hexenal, *trans*-octenal, and acrolein, which are good substrates for ALDH3A1, are characterized by much higher K~m~ values, typically \>100 μM \[[@B14-molecules-14-02363]\].

Kinetic parameters of the reaction, particularly K~m~ values, obtained for ALDH3A1, are virtually identical to those previously measured for salivary ALDH \[[@B16-molecules-14-02363],[@B18-molecules-14-02363]\], thus confirming that at least in relation to aromatic aldehydes, the salivary ALDH activity is exclusively due to the ALDH3A1 isozyme. This also constitutes final proof of the validity of the fluorimetric method of the salivary ALDH detection, based on oxidation of the fluorogenic naphthaldehydes \[[@B15-molecules-14-02363],[@B16-molecules-14-02363],[@B17-molecules-14-02363],[@B18-molecules-14-02363]\].

molecules-14-02363-t001_Table 1

###### 

Kinetic parameters, determined spectrophotometrically or fluorimetrically, for enzymatic oxidation of aromatic aldehydes by recombinant ALDH3A1, compared to those for salivary ALDH. Maximal rates are measured relative to that of benzaldehyde (100).

  Aldehyde                                      Recombinant ALDH3A1   salivary ALDH                       
  --------------------------------------------- --------------------- --------------- --------- --------- ---------------
  Benzaldehyde                                  148                   100             160^a^    100       340 (6,200)
  4-methoxybenzaldehyde (anisaldehyde)          19                    73              nd        \~45      340 (6,200)
  4-dimethylaminobenzaldehyde                   4.2                   8               nd        nd        350 (-22,000)
  4-hydroxy-3-methoxy-benzaldehyde (vanillin)   155                   6               nd        nd        310 (-7,000)
  cinnamic aldehyde                             6                     160             nd        190       340 (6,200)
  2-naphthaldehyde                              0.4                   101             0.46^a^   105       330 (3,900)
  6-methoxy-2-naphthaldehyde (MONAL)            0.16                  47              0.2^a^    52        315 (-7,600)
  6-dimethylamino-2-naphthaldehyde (DANAL)      \~20                  \~21            7.2^a^    21^a^     380 (-11,000)
  1-naphthaldehyde                              nd                    \~1.5           \-        \<25^b^   320 (-4,000)
  4-methoxy-1-naphthaldehyde                    \-                    \<1             \-        \<8^a^    360 (-9,000)
  4-dimethylamino-1-naphthaldehyde              \-                    \<1             \-        \<9^a^    400 (-10,000)
  7-methoxy-1-naphthaldehyde                    \-                    \<1             \-        \<1^a^    360 (-4,000)

^a^ Data from refs \[[@B13-molecules-14-02363],[@B15-molecules-14-02363]\], determined fluorimetrically, cross-checked in this work; ^b^ This substrate reacted chemically with saliva constituents giving unstable fluorescence background.

![Reaction progress curves, recorded fluorimetrically, for enzymatic oxidation of 2-naphthaldehde (left) and MONAL (right) with the recombinant ALDH3A1 as catalyst. Initial naphthaldehyde concentrations were 5, 2 and 1 μM. Concentration of NAD^+^ was 100 μM.](molecules-14-02363-g002){#molecules-14-02363-f002}

![The Lineweaver-Burk plot for the enzymatic oxidation of 2 μM MONAL catalyzed by the recombinant ALDH3A1. Rates were obtained by numerical differentiation of the progress curve from [Fig. 2](#molecules-14-02363-f002){ref-type="fig"}. The fitted K~m~ is 0.16 μM.](molecules-14-02363-g003){#molecules-14-02363-f003}

It is important to notice that some of the examined aldehydes are natural constituents of food, particularly of plant origin \[[@B2-molecules-14-02363]\]. This refers, in particular, to anisaldehyde, benzaldehyde, and cinnamic aldehyde, all three being excellent substrates for ALDH3A1, and to vanillin, which is a moderate substrate. The postulated role of the salivary ALDH in protection against these highly reactive aldehydes, suspected as risk factors in the development of cancer of the digestive tract \[[@B6-molecules-14-02363],[@B7-molecules-14-02363],[@B8-molecules-14-02363],[@B10-molecules-14-02363],[@B20-molecules-14-02363],[@B21-molecules-14-02363]\] is therefore plausible. Furthermore, the same isozyme, when expressed in neoplastic cells, is known to impair the oxazaphosphorine chemotherapy by inactivating the key intermediate aldophosphamide \[[@B4-molecules-14-02363],[@B11-molecules-14-02363],[@B22-molecules-14-02363],[@B23-molecules-14-02363],[@B24-molecules-14-02363]\], and a mutated form of ALDH3A1 has been recently reported to increase risk of haemorrhagic cystitis during the chemotherapy \[[@B25-molecules-14-02363]\]. Therefore, the detailed kinetic characterization of ALDH3A1 may be useful for further pharmacological studies.

3. Experimental
===============

3.1. General
------------

Benzaldehyde, 4-dimethylaminobenzaldehyde, 1- and 2-naphthaldehydes, 6-methoxy-2- naphthaldehyde, 4-methoxy-1-naphthaldehyde, 4-dimethylamino-1-naphthaldehyde and the corresponding carboxylic acids were from Aldrich. Anisaldehyde, cinnamic aldehyde and vanillin were purchased from Sigma. DANAL and 7-methoxy-1-naphthaldehyde were synthesized previously \[[@B19-molecules-14-02363]\]. Coenzymes NAD^+^ and NADH, as well as dithiothreitol, were from Sigma. All other chemicals were of analytical grade.

All assays were run in 50 mM phosphate buffers, pH 7.5, at 25°C, in the presence of 0.5 mM EDTA and 0.5 mM DTT. Concentration of NAD^+^ was kept constant at 100 μM. Fluorimetric assays were run on a thermostated Perkin-Elmer LS-50B instrument. Instrumental settings for DANAL oxidation were: excitation wavelength, 320 nm, emission monitored at 420 nm, and for 2-naphthaldehyde and MONAL 315 nm and 360 nm, respectively, with spectral bandwidths 7 and 10 nm for the excitation and emission beams. For non-fluorescent carboxylates, fluorescence of NADH was followed at 460 nm, with excitation at 340-350 nm, and spectral resolution of 10-15 nm. Purified reaction products (carboxylates or NADH) at the concentrations of 2-5 μM were used as internal standards in the fluorimetric assays to obtain absolute reaction rates, which were calculated according to the formula \[[@B15-molecules-14-02363]\]: where C~st~ is standard concentration, F~st~ its fluorescence and dF/dt slope of the fluorescence time-dependence.

UV absorption was measured using a Cary 219 spectrophotometer. Optimum wavelengths and Δ values for oxidation of aromatic aldehydes with NAD^+^ were determined and collected in [Table 1](#molecules-14-02363-t001){ref-type="table"}. Kinetic parameters for enzymatic reactions were calculated according to Lineweaver-Burke standard procedure, except those cases where K~m~ values were very low, where progress reaction curve analysis was applied.

HPLC was performed on a Shimadzu chromatograph consisting of a LC-10AD pump and RF10AXL fluorescence detector. Twenty microliters of the deproteinized incubation mixtures were introduced to the column. Separation was performed on the Supelcosil LC-18-DB 25 cm × 4.6 mm, 5 µm column (Supelco) under isocratic conditions. The mobile phase consisted of an acetonitrile-water mixture 65:35 (v/v) at pH of 2.8. The mobile phase was pumped at a flow-rate of 1 mL/min. Chromatography was performed at 30 °C. Fluorescence excitation and emission wavelengths were set at 310 and 360 nm, respectively. All eluents were of HPLC purity grade.

3.2. Saliva collection
----------------------

Human saliva samples were obtained from healthy adult volunteers, all of them declaring non-smoking and non-drinking behaviour. Saliva samples were collected before first meal, after thoroughly washing mouths, directly to test tubes containing cooled 50 mM phosphate buffer, pH 7.5, with addition of 0.5 mM EDTA and 0.5 mM DTT. Final dilution of the saliva with buffer was ca. 1:1. The saliva samples were centrifuged at 3,500 rpm for 5-10 minutes and the supernatant was gently collected and stored in ice \[[@B17-molecules-14-02363]\]. After 1 -- 5 hours of incubation the ALDH activity of the supernatant was measured after diluting 1:20 with buffer in the presence of the appropriate aldehyde and NAD^+^.

3.3. Cloning of the cDNA for ALDH3A1 and its overexpression
-----------------------------------------------------------

The full- length human ALDH3A1 gene was PCR amplified from "TrueClone", cDNA clone in pCMV6-AC vector purchased in OriGene (Rockville, MD, U.S.A.). The sequence of the 5' and 3' PCR primers were: 5'CTAGCTAGCATGAGCAAGATCAGCGAGGCC3' and 5'CCGGAATTCTC AGTGCTGGGTCATCTTGGC 3', respectively.

![SDS/PAGE of recombinant ALDH3A1 after purification: lane 1, PageRuler (Fermantas) molecular mass marker proteins (from bottom to top: 26, 34, 43, 55, 72, 95, 130, 170 kDa); lane 2, solution from the first elution; lane 3, solution from the second elution; lane 4, eluate after dialysis. The gel was stained with Coomassie Brilliant Blue.](molecules-14-02363-g004){#molecules-14-02363-f004}

A *Nhe*I site was introduced by the PCR primer on the 5' end, whereas a *EcoR*I site on 3' end. The resulting 1.5-kb PCR-amplified fragment was digested with NheI and EcoRI, gel-purified using the QIAquick Gel Extraction Kit (Qiagen), and ligated with pET-28a (Novagene) that had been digested with the same enzymes and gel-purified. The ligation reaction was used to transform *E.coli*BL21(DE3) competent cells (Invitrogen). The sequence of the entire inset of the pET28a-ALDH3A1 plasmid was verified by sequencing.

The cultures of the overproducing stain were grown at 37°C in LB broth (35 g/L tryptone, 20 g/L yeast extract, 5g/L NaCl) supplemented with 50 µg/mL kanamycin to an OD~600~ of 0.6. The expression was induced by adding IPTG to a final concentration of 1 mM. Recombinant ALDH3A1 was isolated (see [Figure 4](#molecules-14-02363-f004){ref-type="fig"}) with Ni-NTA Fast Start Kit (Qiagen) and dialyzed overnight to 50 mM pyrophosphate buffer containing 1 mM EDTA and 1 mM DTT.

4. Conclusions
==============

Aromatic aldehydes, particularly *para*-substituted benzaldehydes and 2-naphthaldehydes, are excellent substrates for both salivary ALDH and the recombinant ALDH3A1. The obtained K~m~ values for various aldehydes are virtually identical with both activities, confirming that ALDH3A1, as an isozyme particularly reactive toward aromatic aldehydes, is primarily responsible for the salivary ALDH activity. Consequently, full specificity of the fluorimetric assay of the salivary ALDH3A1, based on oxidation of the fluorogenic 2-naphthaldehydes, is confirmed.
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